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Introduction
With rapid economic growth comes rapidly growing pressure on the environment, while concern about pollution and resource use waxes too. Ireland is no exception. Although it has leapt forward to become one of the richest countries on the planet, its environmental care is more typical of a middle-income country. As improving the quality of life depends less on increasing economic wealth, the people of Ireland will reprioritise and seek a new balance between the economy and the environment.
Efforts elsewhere to develop a balance between economic and environmental objectives have required complex modelling of national, regional, or even world economies and their interaction with the environment (see Duchin and Lange, 1994; Dellink et al., 1999) . In an Irish context, the imperatives implied by the Kyoto Protocol and the Water Framework Directive 1 will require the construction of similar 1 Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 establishing a framework for Community action in the field of water policy models so as to develop a thorough understanding of environment-economy linkages and the effect of policy.
Like environmental care, research in environmental economics is underdeveloped in Ireland. This paper makes a modest step forward by introducing a preliminary environmental input-output model (EIO). EIOs are a suitable tool for estimating the short-term response of emissions and resource use to changes in consumption and production, be it induced by economic growth or by changes in (environmental) policy. Like input-output models, EIOs are static and linear. The data needed for constructing an EIO are a subset of the data needed for a more dynamic environmenteconomy model for the medium term. An EIO is therefore a useful first step -and, with proper caveats, can yield policy insights too.
According to its founder, Wassily Leontief, 'input-output analysis describes and explains the level of input of each sector of a given national economy in terms of its relationships to the corresponding levels of activities in all the other sectors ' (1970, 262) . Essentially, this involves a matrix representation of the economy in order to predict the effect of changes in one industry on others, while at the same time modelling the effect of this interaction on consumers, the government and foreign suppliers. The first effort to model the effect of these interactions on the environment was undertaken by Leontief himself, when in 1970 he sought to account for pollution and a new industry aggregation -the anti-pollution industry -within a hypothesised twosector, two-good economy.
However, Van den Bergh and Hofkes (1999, p. 1114) note that 'the most important recent study [in environmental input-output modelling] is by Duchin and Lange (1994) '. Their ambitious model involves a detailed input-output model of the world economy, covering the dynamics of trade in sixteen regions and fifty sectors. This study sought to test the Brundtland Commission's statement that growth and sustainable development could go hand in hand, and concluded that this is not the case.
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A common issue in relation to input-output models is that these models 'are structurally fixed in the sense that sectoral classification and disaggregation, and assumed technologies, cannot change endogenously' (van den Bergh and Hofkes, 1999, p. 1115) .
The model presented in this paper is an input-output model comprising 19 sectors, 13 pollutants, five classifications of waste, and water use. It is constructed such that it models the production side of the Irish economy. Household demand is included, but household pollution is not, although its contribution is substantial (see Barrett et al., 2005, 83) . Household demand is, of course, included. The model as presented here is able to address the following questions: Which sectors of the economy produce the largest quantities of pollutants? Which sectors add the most value -considering the environmental damage they cause? How is the situation likely to change in the future?
There is a large body of research on the relationship between economic and social activity and key environmental media in Ireland, 3 though until now these analyses have employed medium-term econometric models, rather than input-output models as we do here.
The paper is presented as follows. Section 2 reviews the structure of environmental input-output models. Section 3 discusses the data and the basic results. Section 4 presents environmental efficiencies and compares them to damage cost estimates from existing research. Section 5 presents forecasts of emissions and intensities out to 2020. Section 6 concludes.
2.
Input-output and environmental input-output models
Goods and services are produced either for consumption or for use in further production. That is, where X i is the production of good i, and X i,j is the use of good i in the production of good j; Y i is the consumption of good i, which, for convenience, includes exports and build-up of inventories. Equation (1) can be rewritten as The relationship between greenhouse gas emissions and the economy has been modelled by Conniffe et al. (1997) , Bergin et al. (2002) and Fitz Gerald (2004) . Teagasc has modelled the impact of agriculture on greenhouse gas emissions (Behan and McQuinn, 2002) . Work on the impact of economic activity on the generation of solid waste is described by Barrett and Lawlor (1995) . The state of research on the link between economic activity on water use and emissions to water is described by Scott (see Scott et al., 2001 and Scott, 2004 
Equation (2) specifies how production X would respond to a change in demand Y, including all intermediate production. L is commonly referred to as the Leontief inverse.
Emissions M of substance l equal
...
where b l,i are the emission coefficients, that is, emission per unit of production. In matrix notation,
Equation (5) relates emissions to production (via B) and to final consumption (via BL).
Data
CSO (2006a) has the input-output tables for Ireland for 2000 for 48 sectors according to NACE. 4 CSO (2006b) has the environmental accounts for Ireland for 1997-2004 for 19 sectors, which are aggregates of NACE sectors. Data are limited to the main greenhouse and acidifying gases. EPA (2005a) has data on carbon monoxide, volatile organic compounds, hydrofluorocarbons ('HFCs'; 13, of which 8 have zero emissions) and fluorinated gases ('F-gases'; 8, of which 4 have zero emissions). We aggregated the HFCs and F-gases based on their 100-year global warming potential (Ramaswamy et al., 2001) . Scott (1999) presents data for solid waste and eutrophication, for the same 19 sectors, for 1994. According to Toner et al. (2005) , eutrophication has hardly changed between 1994 and 2000, so we used Scott's 1994 data for 2000. EPA (2005b) has sectoral data on waste for 2004. We interpolated between 1994 and 2004 to get "data" for 2000. Camp Dresser and McKee (2004) report abstractive water use per sector, for 2001 for selected industrial sectors and for an unknown year for agriculture. We assume that these data hold for 2000.
We aggregated the 48 sector input-output table to the 19 sector input-output table, computed the Leontief inverse (L), the emission coefficients of production (B), and the emission coefficients of consumption (BL) for carbon dioxide (CO 2 ), nitrous oxide (N 2 O), methane (CH 4 ), sulphur dioxide (SO 2 ), CFCs and F-gases (CFC+F), carbon monoxide (CO), volatile organic compounds excluding methane (VOC), nitrogen oxides (NO x ), ammonia (NH 3 ), agricultural waste, industrial waste (hazardous or not, recycled or not), organic matter (BOD), nitrogen (N), phosphorus (P), and water (H 2 O). Table 1 shows the 2000 emissions, waste and water use per sector, and the sector's economic output. Table 2 shows the emission coefficients of production. Table 3 shows the emission coefficients of consumption. These tables contain no qualitative surprises, at least to those who have studied environmental pollution, but the numbers are interesting nevertheless. Table 1 shows that whereas economic activity is concentrated in services, pollution is mostly from agriculture, industry and transport. Table 2 confirms this, with low emission coefficients for services, but higher ones for the other sectors. Table 3 is perhaps most surprising. It shows that, for every euro of agricultural produce bought directly from the farmer, 20 grams of ammonia is emitted. For every euro of processed food bought, only 7 grams of ammonia is emitted. The difference is explained by the difference in price per gram of food. For every euro of food bought from the farmer, 308 grams of carbon dioxide is emitted, which compares to 404 grams of carbon dioxide per euro of processed food. Although the price per gram of processed food is much higher, processing, packaging, and transport also emit considerable amounts of carbon dioxide (but hardly any ammonia). The largest difference in consumption and production coefficients is in methane emissions from wood and wood products: 6.29 grams are emitted per euro of wood and wood products consumed, versus 40 millionths of a gram per euro of chemicals produced, a factor of 1.5 million difference. This difference is so large because there is hardly any methane emission from production itself, while wood and wood products use substantial amounts of agricultural products as inputs. 
4.
Efficiencies and damages Table 4 shows the sectoral environmental efficiencies, that is, valued added per emission. A comparison of sectoral efficiencies reveals which sectors contribute most to pollution and resource use relative to the size of the sector. It also reveals which sectors are best targeted for emission reduction -particularly if structural policy is used for environmental ends 6 . Indeed, if a sector adds less value per tonne of pollution than the damage done by that tonne, then it would, to a first approximation, be better to close that sector.
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The average value added is €6,000/tCO 2 , with a minimum of €520/tCO 2 in nonmetallic production. This compares favourably with the price of a carbon dioxide permit, which is €9.45/tCO 2 , 8 not too far from the $50/tC reasonable upper limit of the marginal damage cost suggested by the meta-analysis of Tol (2005) . Non-metallic production adds over 500 times the value that it destroys through carbon dioxide emissions. Similar, or better comparisons hold for the other greenhouse gas emissions -methane (CH 4 ) is about 20 times as potent as carbon dioxide (CO 2 ) as a greenhouse gas, while laughing gas (N 2 O) is about 300 times as potent (Ramaswamy et al., 2001) . For instance, the production of electrical goods adds value of €24,000/tCO 2; eq , which should be compared to the same €9.45/tCO 2 in abatement and damage costs. The costbenefit comparison is also favourable for acidification. Irish farmers add value (incl. subsidies) of €44 for every cubic metre of water used. This compares rather well with the €0.31/m 3 that it costs, on average, to produce drinking water in Ireland (Camp Dresser and McKee, 2004) .
9 Non-recycled, non-hazardous waste costs on average €0.14/kg to dispose of, but yields at least €0.58/kg. Other waste categories are hard to value in the aggregate. Eutrophication is difficult to value too, and few attempts have been reported. The Baltic Sea is probably the best studied. Turner et al. (1999) report damages as high as €3.66/kg of nitrogen and €96.24/kg of phosphorous. Eutrophication is less of a problem in and around Ireland than in the Baltic, however. Pretty et al. (2000 Pretty et al. ( , 2003 report total damages of £16 million for nitrates, and £55 million for phosphates. If we assume that eutrophication is similar in Great Britain and the UK (Aertebjerg and Carstensen, 2003; EEA, 2005; Trent, 2003) and that total damage proportional to GDP, then impacts amount to €0.01/kgN and €0.59/kgP. The cost-benefit ratio for nitrate is rather positive (around 145,000 for the economy as a whole, and 5,000 for agriculture) but less so for phosphate (42,000 for the whole economy, 2,500 for agriculture). Note that the cost-benefit ratio is also positive for the much higher damage estimates of Turner et al. (1999) .
Not unexpectedly, agriculture regularly stands out as the least environmentally efficient sector. Multiplying all emissions with their damage cost estimates and adding the results, the total environmental damage done amounts to €0.3 billion, while total value added is €6.9 billion. That is, for every €1.00 earned and subsidised in agriculture, €0.04 is lost in environmental damage. Methane emissions are the largest contribution (53%), followed by nitrous oxide (33%) and ammonia (6%) emissions. Actually, mining is the least environmentally efficient sector, losing 27 cents for every euro earned, 97% of which is due to waste.
10 Metal production comes third (after agriculture), losing 4 cents in every euro, 93% of which is due to waste. For the economy as a whole, 1 cent is lost on every euro earned. Of this, 58% is due to waste, and 38% due to greenhouse gas emissions. The total environmental damage of production is about €1.6 billion; 25% is due to the mining industry, 22% due to construction, and 16% due to agriculture. Mining and agriculture are also among the least environmentally efficient industries. Construction ranks 4 th , but is five times bigger than metal production.
Although the damage estimates are crude, they do allow us to identify the largest environmental problems (waste, climate change) and the dirtiest sectors (mining, agriculture and metal production if measured in terms of average efficiency; mining, agriculture and construction if measured in terms of total pollution). This helps to target environmental pollution. Tables A1 and A2 show scenarios of possible changes in the Irish economy out to 2020. Table A1 corresponds to the High Growth scenario of Barrett et al. (2005) , whereas Table A2 is based on their Low Growth alternative. 11 These results were derived from the HERMES model of the Irish economy. Note that the HERMES model has six service sectors while the model here has only two; and that HERMES has three industrial sectors where this model has sixteen.
Forecasts

Constant emission coefficients
The scenario in Table A1 assumes continued rapid economic growth, whereas Table  A2 presents a slower growth path. In both models, growth is fastest in industry and transport. Agriculture is projected to grow only slowly, while construction grows first but then declines. These scenarios are used only for illustration. Table 5 shows what would happen to emissions, waste, and water use if the economy were to grow as in Table A1 . Table 6 shows the equivalent for the low growth alternative (see Table A2 ). In both tables it is assumed that there would be no policy, technological or behavioural changes with regard to the environment; that is, emission coefficients stay constant at their 2000 levels. This, of course, is an unrealistic assumption. See below for a limited sensitivity analysis.
Under both scenarios, all indicators go up, some more slowly than economic growth (e.g., agricultural waste, ammonia, nitrogen, methane) and some faster (e.g., HFCs, carbon monoxide, hazardous industrial waste). Nitrogen oxides are projected to rise at a rate marginally above that for economic growth in the high growth scenario, but at a rate less than economic growth in the low growth alternative. Again, this is strictly illustrative. Policy, technology, and behaviour will change between now and 2020.
Falling emission coefficients
Emission coefficients are unlikely to stay constant. CSO (2006b) has emission data for selected greenhouse and acidifying gases, while sectoral economic activity can be downloaded from http://www.cso.ie. For these pollutants, emission coefficients have fallen consistently between 1994 and 2004. The year-on-year changes in emission intensities in the period 1994-2004 were used to construct both the arithmetic and geometric mean of changes in this period for each sector and pollutant.
12 These were then used to extrapolate out to 2020 using the predicted growth rates of each sector shown in Tables A1 and A2 . For comparison, a third trend is also shown wherein intensities were assumed not to change over the period, and thus emissions change only with changes in industry production (as above). The projected changes in emissions are shown in Figure 1 (see also Tables A3 to A8 ).
For carbon dioxide, there is a downward trend in emissions for most sectors, though the largest contributors (non-metallic mineral production, transport and services) will increase their emissions, ensuring an overall increase in carbon dioxide emissions. For nitrous oxide, there is a downward trend in emissions for most sectors, but the only contributor of note (agriculture) will increase its N 2 O emissions. For methane, the largest contributors are agriculture and the services sector, which dwarf all other sectors. Agricultural emissions are set to continue rising out to 2020 13 , with emissions in services set to remain largely constant. The overall trend is for increased methane emissions, however. For sulphur dioxide, all sectors show a reduction in emissions out to 2020. The largest of these contributors -the services sector (excluding transport) -will reduce its emissions by around 50% compared to 2004 levels. For oxides of nitrogen, there is a downward trend in emissions for the largest contributors (agriculture, transport and services) that will lead to an overall decline in emissions of NO x . However, there will be large percentage increases for some industries that currently emit relatively low levels of NO x (mining, non-metallic mineral production and textiles and clothing). For ammonia, emissions from agriculture are set to rise slowly out to 2020, though this is from a relatively high base. Conversely, the transport sector will see ammonia emissions rise by between 550% (assuming a low growth rate, and calculated using a geometric mean) and 700% (assuming a high growth rate, and calculated using an arithmetic mean), but from a much lower level compared to agriculture.
For all of the pollutants discussed here, the high-growth scenario would result in higher levels of emissions than in the low growth alternative, and predicted emissions are higher when an arithmetic mean is used to calculate future trends. This can be seen in Figure 1 .
It is also clear that the projections based on constant emission coefficients overestimate future emissions. This is particularly striking for emissions of sulphur and oxides of nitrogen, where technological progress changes the sign of the change, but it can also be seen for the other pollutants.
Conclusions
An environmental input-output model was constructed for Ireland for the year 2000.
The model results confirm that certain sectors pollute more than others -even when normalised by the sectoral value added. Mining, agriculture, metal production and construction stand out as the dirtiest industries. On average, however, each sector adds more value than it does environmental damage. The dirtiest industry, mining, does 27 cents worth of damage for every euro of value added. For the Irish economy as a whole, only 1 cent is lost in damage for every euro earned. Waste and greenhouse gas emissions are the largest environmental problems. The environmental impact of consumption is very different from the impact of production because of the intermediary deliverables. We find differences up to a factor of 1.5 million, in case production is clean but intermediates are dirty. Even without technological progress, behavioural changes, and policy interventions, most environmental problems will increase more slowly than the rate of economic growth, with the exception of fluorinated gases, carbon monoxide, and hazardous industrial waste. For the subset of pollutants for which data are available, emission intensity falls. For sulphur, emission intensities fall sufficiently fast to more than offset economic growth. When a forecast is constructed of emissions out to 2020, certain trends become apparent. Emissions of greenhouse gases (CO 2 , N 2 O and CH 4 ) will increase, while emissions of acid rain gases (SO 2 , NOx and NH 3 ) will decrease.
These results should be treated with caution. The results for waste and eutrophication are particularly weak. Partly, this is a matter of data -the analysis here is restricted to data in the public domain. Furthermore, waste and eutrophication are not national, but regional phenomena. The same holds true for water. A regional analysis would require either regionalising the national results, or using a regional input-output model for crucial sectors (e.g., agriculture). Either route would be constrained by data availability. Further improvement of the sectoral disaggregation would be needed too -as demonstrated by the methane emissions attributed to the wood products sector. A finer categorisation of "waste" would be welcome too. Emission coefficients are here assumed to be static, but in fact respond to structural changes within the economic sectors, technological changes, prices, and environmental policies. Finally, inputoutput analysis focuses on the production side of the domestic economy. Household pollution and resource use is not included. This particularly affects carbon dioxide, waste and water. Similarly, the environmental impacts of the production of imported goods are excluded.
It is evident that much remains to be done in developing a thorough model of environment-economy relationships in Ireland. The results presented here may prove to be a useful first step. Climate: CO2 = carbon dioxide; N2O = nitrous oxide; CH4 = methane; HFC+F = hydrofluorocarbons and fluorinated gases; CO = carbon monoxide; VOC = volatile organic compounds, excl. methane; Acidification; SO2 = sulphur dioxide; NOx = nitrogen oxides (NO and NO 2 ); NH3 = ammonia; Waste: AW = agricultural waste; HIWNR = hazardous industrial waste, not recycled; HIWR = hazardous industrial waste, recycled; NHIWNR = non-hazardous industrial waste, not recycled; NHIWR = non-hazardous industrial waste, recycled; Eutrophication: BOD = organic matter (biological oxygen demand): N = nitrogen; P = phosphorus. Climate: CO2 = carbon dioxide; N2O = nitrous oxide; CH4 = methane; HFC+F = hydrofluorocarbons and fluorinated gases; CO = carbon monoxide; VOC = volatile organic compounds, excl. methane; Acidification; SO2 = sulphur dioxide; NOx = nitrogen oxides (NO and NO 2 ); NH3 = ammonia; Waste: AW = agricultural waste; HIWNR = hazardous industrial waste, not recycled; HIWR = hazardous industrial waste, recycled; NHIWNR = non-hazardous industrial waste, not recycled; NHIWR = non-hazardous industrial waste, recycled; Eutrophication: BOD = organic matter (biological oxygen demand): N = nitrogen; P = phosphorus. Climate: CO2 = carbon dioxide; N2O = nitrous oxide; CH4 = methane; HFC+F = hydrofluorocarbons and fluorinated gases; CO = carbon monoxide; VOC = volatile organic compounds, excl. methane; Acidification; SO2 = sulphur dioxide; NOx = nitrogen oxides (NO and NO 2 ); NH3 = ammonia; Waste: AW = agricultural waste; HIWNR = hazardous industrial waste, not recycled; HIWR = hazardous industrial waste, recycled; NHIWNR = non-hazardous industrial waste, not recycled; NHIWR = non-hazardous industrial waste, recycled; Eutrophication: BOD = organic matter (biological oxygen demand): N = nitrogen; P = phosphorus. Climate: CO2 = carbon dioxide; N2O = nitrous oxide; CH4 = methane; HFC+F = hydrofluorocarbons and fluorinated gases; CO = carbon monoxide; VOC = volatile organic compounds, excl. methane; Acidification; SO2 = sulphur dioxide; NOx = nitrogen oxides (NO and NO 2 ); NH3 = ammonia; Waste: AW = agricultural waste; HIWNR = hazardous industrial waste, not recycled; HIWR = hazardous industrial waste, recycled; NHIWNR = non-hazardous industrial waste, not recycled; NHIWR = non-hazardous industrial waste, recycled; Eutrophication: BOD = organic matter (biological oxygen demand): N = nitrogen; P = phosphorus. 
